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a b s t r a c t
The endemic Brazilian Enyalius encompasses a diverse group of forest lizards with most species restricted
to the Atlantic Forest (AF). Their taxonomy is problematic due to extensive variation in color pattern and
external morphology. We present the ﬁrst phylogenetic hypothesis for the genus based on 2102 bp of the
mtDNA (cyt-b, ND4, and 16S) and nuclear (c-mos) regions, uncovering all previously admitted taxa (9
spp). Different methods of tree reconstruction were explored with Urostrophus vautieri, Anisolepis grilli
and A. longicauda as outgroups. The monophyly of Enyalius and its split into two deeply divergent clades
(late Oligocene and early Miocene) is strongly supported. Clade A assembles most lineages restricted to
south and southeastern Brazil, and within it Enyalius brasiliensis is polyphyletic; herein full species status
of E. brasiliensis and E. boulengeri is resurrected. Clade B unites the Amazonian E. leechii as sister-group to
a major clade containing E. bilineatus as sister-group to all remaining species from northeastern Brazil.
We detected unrecognized diversity in several populations suggesting putative species. Biogeographical
analyses indicate that Enyalius keeps ﬁdelity to shadowed forests, with few cases of dispersal into open
regions. Ancient dispersal into the Amazon from an AF ancestor may have occurred through northeastern
Brazil.
 2014 Elsevier Inc. All rights reserved.
1. Introduction
Lizards of genus Enyalius are mid-sized (maximum SVL about
140 mm), robust, arboreal to semiarboreal forest lizards associated
with tropical and subtropical Brazilian forests. They are thermally
passive, territorial sit-and-wait strategists exploring the lower
understory (<5 m) of the forest architecture between tree trunks
and leaf litter (Jackson, 1978). Relying mostly on camouﬂage for
protection they are cryptically colored, exhibiting strong sexual
dichromatism, color polymorphism, and ontogenetic color varia-
tion in most species (Etheridge, 1969; Jackson, 1978; Rodrigues
et al., 2006). Additionally, they have a moderate capacity for color
change when disturbed, more accentuated in males. This high var-
iation in color pattern is in part responsible for the complex taxo-
nomic history of the genus. Taxonomy of Enyalius was literally
chaotic from the 19th to the ﬁrst half of the 20th century, with spe-
cies attributed to different genera, males or females, or even to
color variants of the same sex described as distinct species
(Etheridge, 1969). The literature is blurred with synonyms, mostly
based on insufﬁcient descriptions, which did not consider the
extensive intra- and interspeciﬁc variation of color and external
morphology (Spix, 1825; Fitzinger, 1826; Schinz, 1835; Duméril
and Bibron, 1837; Boulenger, 1885a,b,c; Ihering, 1898; Amaral,
1933). The ﬁrst attempt at reviewing the genus was done by
Etheridge (1969), who after extensively studying the type materi-
als and literature recognized eight species: Enyalius bibronii, E.
bilineatus, E. pictus, E. catenatus, E. iheringii, E. brasiliensis, E. leechii,
and E. boulengeri (described as a new species). Later, based on a lar-
ger geographic sample, Jackson (1978) reduced the species in the
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genus to six. He followed Etheridge (1969) in attributing full spe-
cies status to E. bilineatus, E. iheringii, and E. leechii, but considered
both E. catenatus (E. c. catenatus, E. c. bibronii, and E. c. pictus) and E.
brasiliensis (E. b. brasiliensis and E. b. boulengeri) as polytypic. Addi-
tionally, he described Enyalius perditus as a new species. The only
changes in Enyalius taxonomy since then are the description of
Enyalius erythroceneus, and the formal elevation of E. catenatus, E.
pictus and E. bibronii to species status, resurrecting Etheridge’s
scheme (Rodrigues et al., 2006) and changing priority in authorship
of E. pictus from Wied 1823 to Schinz 1822 (Myers et al., 2011).
Presently, the genus includes nine species most of them
restricted to the Atlantic Forest area (Rodrigues et al., 2006). Enya-
lius iheringii and E. perditus occur at higher latitudes and are
adapted to the cooler climates of south and southeastern Brazil.
Enyalius brasiliensis was described from ‘‘Sainte-Catherine du Bre-
sil’’ by Lesson (1828) based on two specimens collected in the
coastal forests of Santa Catarina state, the only point in which
the vessel La Coquille called in Brazil during its travel around the
world. Curiously, since then E. brasiliensis was never reported from
this area. Credible records of the still unconﬁrmed polytypic E. bra-
siliensis has come from the forests located in the northern part of
the states of São Paulo and Rio de Janeiro (E. b. brasiliensis) and, dis-
junctly, in the states of Espírito Santo and adjacent areas of Minas
Gerais (E. b. boulengeri); in the former area it is found in sympatry
with E. perditus and in the latter with E. bilineatus (Jackson, 1978;
Teixeira et al., 2005). Specimens of E. b. brasiliensis reported from
the state of Goiás (Jackson, 1978) require additional investigation.
Further north, E. pictus is reported from the forests between the
drainages of Rio Doce and Rio Jequitinhonha in the states of Espí-
rito Santo, Minas Gerais and Bahia; Enyalius catenatus is parapatric
in the latter, extending from the northern banks of Rio Jequitinho-
nha to northeastern Brazil, and E. erythroceneus is apparently
restricted to the altitudinal forests in the northern portion of the
Espinhaço mountain range in Bahia (Rodrigues et al., 2006). Enya-
lius bibronii occupies interior areas of the states of Minas Gerais,
Bahia and isolated forests in semiarid northeastern Brazil. Enyalius
bilineatus is ecologically more vagile and broadly distributed; it
occurs at higher elevations in the Atlantic Forest in the states of
Rio de Janeiro, Espírito Santo and Minas Gerais, where it is sympat-
ric with E. perditus and E. brasiliensis, and disjunctly so in the gal-
lery Cerrado forests of central Brazil (Teixeira et al., 2005;
Rodrigues et al., 2006; Pellegrino et al., 2011). Enyalius leechii is
the only species of the genus restricted to Amazonia (Ávila Pires,
1995; Vitt et al., 1996; Rodrigues et al., 2006).
Based on morphological evidence, Etheridge (1969) suggested
that Enyalius bilineatus was possibly the most basal species in the
genus, being transitional between the most closely related genera
and all other species of Enyalius. Jackson’s (1978) revision was ori-
ented toward understanding species differentiation in the Atlantic
Forest refuges, at a time when Pleistocene climatic changes were
invoked as the major hypothesis accounting for Neotropical speci-
ation (Haffer, 1969; Vanzolini and Williams, 1970). Jackson’s work
was in fact the ﬁrst attempt at using the refugia model to explain
vertebrate fauna differentiation in the Atlantic Forest. Contrary to
Etheridge’s hypothesis, Jackson’s preferred phylogeny, based on a
phenetic network, implicated Enyalius bilineatus and E. brasiliensis
as the most derived and basal species in the genus, respectively.
According to this author, a ﬁrst split involving an E. brasiliensis-like
and E. leechii-like ancestor originated in the Amazonian and Atlan-
tic Forest radiations at an early time. Considering that at that time
there was no explicit phylogenetic hypothesis available, he specu-
lated on a series of events leading to the origin of the present forms
of Enyalius. Jackson (1978) argued that all present forms derived
from an E. brasiliensis-like ancestor spread over the Atlantic Forest
in a humid period after the differentiation of E. leechii in Amazonia.
Other Enyalius species most probably originated through the
isolation of populations of this ancestor in refuges along the coast
during dry episodes. Still, according to this author, E. perditus and E.
iheringii were the ﬁrst to diverge, followed by E. b. boulengeri,
giving rise to E. catenatus, which differentiated into coastal lineages
(E. c. pictus and E. c. catenatus) and an interior one (E. c. bibronii).
Finally, after the expansion of E. c. bibronii, one of its isolated
lineages gave rise to E. bilineatus, which in turn evolved into a ref-
uge that gradually become drier (Jackson, 1978). In support of his
subspeciﬁc taxonomy, he presented anecdotal evidence of hybrid-
ization based on some morphological characters.
The ﬁrst phylogenetic analysis of Enyalius in the modern sense
was presented by Frost et al. (2001), who assembled all species
according to the Etheridgeian scheme. It was based on morpholog-
ical and molecular data (mtDNA), but the latter dataset was
restricted to E. bilineatus and E. leechii. In addition to the mono-
phyly of Enyalius, E. bilineatus was recovered in a basal position
and (iheringii (perditus ((boulengeri, leechii, brasiliensis) catenatus
(pictus, bibronii)) sequentially derived. This hypothesis did not
resolve either the taxonomy of Enyalius or its intrageneric relation-
ships, but was strikingly different from the one previously pro-
posed by Jackson. It supported Etheridge’s idea of a basal
position for E. bilineatus, and suggested that the Amazonian radia-
tion was deeply embedded in the Enyalius phylogeny (Frost et al.,
2001). This pattern was also found by Pyron et al. (2013), who,
although with molecular data restricted only to E. bilineatus and
Enyalius leechii, recovered these taxa as the sequentially most
derived Enyaliinae along with Urostrophus and Anisolepis.
Despite these previous studies, a robust phylogeny is needed in
order to understand the historical relationships between the Atlan-
tic Forest and Amazonian components of the genus. Only an explicit
phylogenywill allowone to contextualize anddisentangle color pat-
tern variation, as well as to understand, under an evolutionary per-
spective, the morphological and ecological adaptations to different
habitats and climates undertakenby Enyalius species. Also, indepen-
dent evidence is required to test the integrity of taxa suggested to be
involved in hybridization events. Likewise, the polytypic condition
attributed to populations of E. brasiliensis, as well as the monophyly
of the other species, should also be veriﬁed, especially if we consider
the wide distribution and isolation of some species.
A molecular approach based on DNA sequences is an ideal
method of overcoming the difﬁculties imposed in a taxonomically
complex group in which morphology alone was revealed to be
insufﬁcient to properly diagnose the taxa involved (Moritz et al.,
2000; Geurgas and Rodrigues, 2010; Pellegrino et al., 2001,
2011). It is also a powerful tool used to investigate the history
and timing of diversiﬁcation in Enyalius. Considering this, herein
we used DNA sequences from all taxa presently recognized in
Enyalius to: (1) present the ﬁrst phylogenetic hypothesis for the
genus; (2) identify species limits; (3) determine the afﬁnity of
the Amazonian Enyalius leechii with regard to its Atlantic Forest
congeners; and (4) contribute to the biogeography of the Atlantic
and Amazonian Forests.
2. Materials and methods
Sixty-one specimens belonging to 10 taxa of the genus Enyalius,
encompassing all species and subspecies currently admitted, were
sampled for this molecular study. The specimens studied are from
51 Brazilian localities of the Atlantic Forest, Amazonia, Cerrado,
Caatinga and Dry Forests (Fig. 1), and the gene regions successfully
sequenced for each individual are listed in Table 1. The leiosaurids
Urostrophus vautieri, Anisolepis grilli and Anisolepis longicauda were
included as outgroups.
DNA sequences were collected across three regions of the mito-
chondrial genes16S rRNA, cytochrome b [cyt-b] and NADH4 [ND4],
and for the nuclear coding protein gene c-mos. We obtained
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sequences of these four regions for most of the 61 specimens with
only few missing data (Table 1). Total genomic DNA was extracted
from liver or muscle according to Fetzner (1999), and primers and
ampliﬁcation conditions followed those listed in Pellegrino et al.
(2001, 2011). Direct puriﬁcation of PCR products were performed
with both the GeneClean III Kit (BIO 101, Inc., CA, US) and Exonu-
clease I and Shrimp Alkaline Phosphatase [USB Corporation (OH) or
Thermo Fisher Scientiﬁc Inc. (MA), US]. Both strands for each gene
region were directly sequenced using the BigDye Terminator 3.0
cycle Sequencing kit (Applied Biosystems) according to manufac-
turer’s protocol. Sequences were read with an ABI Prism 310,
3700 or Genetic Analyzer Sequencers (Applied Biosystems), accord-
ing to manufacturer’s instruction. Sequences were edited using
Sequence Navigator (PE Applied Biosystems) and CodonCode
Aligner v.3.7.1.1 (CodonCode Corp., Dedham, MA, USA), with coding
fragments translated to amino acids to check for stop codons in the
program Se-Al v. 2.0 (http://tree.bio.ed.ac.uk/software/seal/). The
alignment of 16S was performed in Clustal X v.1.83 (Thompson
et al., 1997), using default parameters with subsequently manual
adjustments. Sequences were deposited in GenBank under the
accession numbers KM517592–KM517832.
The complete molecular data set included 2102 bp composed of
four different partitions: cyt-b = 417 bp, ND4 = 668 bp, 16S =
539 bp and c-mos = 478 bp. Number of variable sites was calcu-
lated for the combined dataset (after excluding outgroups) in
MEGA v. 5.05 (Tamura et al., 2011), and no indels were observed
in the protein-coding partitions. Separate analyses of individual
partitions did not reveal incongruence among them because
alternative topologies, highly supported by conventional indexes,
were not recovered. Then, we concatenated all partitions for subse-
quent phylogenetic analyses under Bayesian inference (BA), maxi-
mum likelihood (ML), and maximum parsimony (MP) criteria. The
best-ﬁt model for each partition under the Akaike Information Cri-
terion (AIC) was selected in MrModeltest v.2.2 (Nylander, 2004):
GTR + I + G (cyt-b, ND4 and 16S) and K80 + I (c-mos).
Partitioned Bayesian analyses (BA) implementing two indepen-
dent runs of 20 million generations each, four chains and tree sam-
pling at each 1000 generations were conducted in Mr. Bayes 3.1.2
(Ronquist and Huelsenbeck, 2003) (available at Cyberinfrastruc-
ture for Phylogenetic Research, CIPRES). Convergence diagnostics
for independent runs were checked using Tracer v.1.5 (Rambaut
and Drummond, 2007), with the average standard of split frequen-
cies and ESS (effective sample sizes >550) values being monitored;
trees prior to stationary were discarded as burnin (10%), with a 50%
majority rule consensus tree obtained from the remaining data
points. We considered posterior probability (PP values)P 0.95 as
evidence of signiﬁcant support for clades (Huelsenbeck and
Ronquist, 2001). Best maximum likelihood (ML) tree was assessed
after 100 runs plus 1000 replicates of bootstrap in RAxML 7.3.1
(Stamatakis, 2006) implemented in CIPRES. MP analyses using
heuristic searches with 1000 replicates of random taxon addition,
tree-bisection-reconnection branch-swapping (TBR), and non-
parametric bootstrapping (10,000 replicates), implementing fast
random stepwise addition and TBR branch-swapping criteria, were
performed in PAUP⁄4.0b10. Nodes with bootstrap proportions
(BP)P 70% were considered as well-supported (Hillis and Bull,
Fig. 1. Distribution map of localities sampled for Enyalius species from the Brazilian Atlantic Forest, Amazonia and Cerrado.
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Table 1
Sample of species and specimens of Enyalius used in this study, with information on localities (coordinates), voucher/ﬁeld numbers, specimens ID for terminals shown in Fig. 2,
and gene regions sequenced. Political units (under ‘‘localities’’) of Brazil are: AL – Alagoas, BA – Bahia, CE – Ceará, DF – Distrito Federal, ES – Espírito Santo, GO – Goiás, MG – Minas
Gerais, MT – Mato Grosso, PR – Paraná, PE – Pernambuco, PI – Piauí, RJ – Rio de Janeiro, RN – Rio Grande do Norte, SC – Santa Catarina, SP – São Paulo.
Species/ID Localities and coordinates Voucher/ﬁeld/lab number mtDNA ncDNA
ND4 Cytb 16S c-mos
E. bibronii (Ebib) Pacoti, CE (4130S, 38550W) MTR 127 + + + +
Flona Araripe, CE (7150S, 39290W) MTR 11915 + + + +
Serra das Confusões, PI (08550S, 43260W) MTR (PNSC 8097) + + + +
Santo Agostinho, PE (08210S, 34560W) MTR (LG 2169) + + + +
Parque das Dunas, Natal, RN (5470S, 35120W) MTR (LG 2182) + + + +
E. bilineatus (Ebil) Nova Ponte, MG (19080S, 47400W) MTR (LG 816) + + + +
MTR (LG 919) + + + +
Mariana, MG (20220S, 43240W) MTR (JC 779) + + + +
Santa Teresa, ES (19560S, 40360W) MTR (LG 2143) + + + +
Brasília, DF (15460S, 47550W) MTR (LG 1467) + + + +
E. boulengeri (Ebou) Viçosa, MG (20450S, 42510W) MZUFV 507  + + 
Santa Teresa, ES (19560S, 40360W) MTR (LG 2144) + + + +
E. brasilensis (Ebra) Ilha Grande, Angra dos Reis, RJ (23090S, 44120W) MNRJ19393 + + + +
Santa Maria Madalena, RJ (21520S, 42010W) MTR (MTCT 0279) + + + +
MTR (MTCT 0400) + + + +
MTR (MTCT 0408) + + + +
Cachoeiras do Macacu, RJ (22240S, 43350W) MTR 15268 + + + +
E. catenatus 1 (Ecat1) Centro Experimental Almada, Ilheus, BA (1438S,
3912 W)
MTR (MD3017) + + + +
MTR (ABA 45) + + + +
Una, BA (15170S, 39040W) MTR (LG 1298) + + + +
MTR(MD 1179) + + + +
MTR (MD 1780) + + + +
Serra do Teimoso, Jussari, BA (15110S, 39290W) MTR 5817 + + + +
E. catenatus 1 (Ecat1) P. E. Serra de Conduru, Uruçuca, BA (14350S,
39170W)
MZUESC 4017 + + + +
Itacaré, BA (14160S, 38590W) MZUESC 4042  + + +
Mulungu do Morro, BA (11590S, 41310W) MTR 11875  + + 
Serra da Jibóia, BA (12560S, 39310W) MTR (LG 1377) + + + +
E. catenatus 2 (Ecat2) Ibateguara, AL (08580S, 35560W) MTR (USG 70) + + + +
São José da Lage, AL MTR (USG 52) + + + +
E. erythroceneus (Eery) Mucugê (BA) (13000S, 41220W) MTR 11628 + + + +
E. pictus (Epic) Porto Seguro, BA (16260S, 39030W) MTR (LG 959) + + + +
Leme do Prado, MG (17050S, 42410W) MTR (JC 1080) + + + 
Almenara, MG (16110S, 40410W) MTR (LG 2196) + + + +
Peruaçu, MG MTR (MTJ 36) + + + +
Pote, MG (17480S, 41470W) MZUFV 436 + + + +
Trancoso, BA (16340S, 39070W) MTR 13694 + + + +
Linhares, Reserva da Companhia da Vale do Rio
Doce, ES (19080S, 40030W)
MTR 12080 + + + +
E. iheringii (E.ihe) Juréia, SP (24190S, 46590W) MTR (LG 929) + + + +
Pilar do Sul (23480S, 47420W) MTR (LG 1383) + + + +
São Bernardo do Campo, SP (23410S, 46330W) MTR (IT-H 155) + + + +
Paraitinga, SP (23130S, 45180W) MTR (UNIBAN2097) + + + +
MTR (UNIBAN2474) + +  
Caucaia do Alto, SP (23410S, 47010W) MTR (LG 2155) + + + +
Biritiba-Mirim, SP (23340S, 46020W) MTR (UNIBAN 2571) + + + +
Tapiraí, SP (23570S, 47450W) MRT 10873 + + + +
Luiz Alves, SC (26430S, 48550W) MTR (LG 2327)   + +
Praia Grande, Serra do Faxinal, SC (29100S,
50000W)
UFRGST 2987, UFRGST 2988 + + + +
Jaguará do Sul (26300S, 49050W) MTR 21218 + + + +
E. leechii (Elee) Aripuanã, MT (10100S, 59270W) MTR 968154 + + + +
Juruena, MT (10190S, 58210W) MTR 977148 + + + +
Cláudia, MT (11300S, 54530W) MTR 976236 + + + +
E. perditus 1 (Eper1) Pirajú, SP (23110S, 49230W) MTR (LG 1135) + + + +
Ortigueira, PR (24120S, 50560W) MTR (II-H 129) + + + 
P. E. Nova Baden, Lambari, MG (21580S, 45210W) MTR (VXS 230) + + + +
Vale Verde, Parque Nacional do Caparaó, MG
(20250S; 41500W)
MTR 10788 + + + 
Pedra Roxa, Parque Nacional do Caparaó, ES
(20240S; 41430W)
MTR 10846 + + + 
Rocio, RJ 222803600S, 431501200W MTR 11764 + + + +
Teodoro de Oliveira, Nova Friburgo, RJ MTR 17782 + + + +
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1993; with caveats). The topology with posterior probabilities and
ML and MP bootstrap values on the nodes of the BA consensus tree
was saved and edited using FigTree 1.4.0 (http://tree.bio.ed.ac.uk/
software/ﬁgtree/).
2.1. Divergences times estimations
The timing of the major events of diversiﬁcation within Enyalius
was estimated under a relaxed molecular clock with uncorrelated
lognormal rates in BEAST v1.7.5 (Drummond et al., 2012). We used
two approaches: (1) concatenated dataset method and (2) multilo-
cus species tree method (⁄BEAST; Heled and Drummond, 2010).
Because we lack fossil calibration records for this group, a mutation
rate of 0.957% per lineage per million years (Crawford, 2003) was
used for the cyt-b partition. Partitioned phylogenetic estimates
were constructed using the best-ﬁtting model of nucleotide substi-
tution (GTR + I + G for cyt-b, HKY + I + G for ND4 and 16S and
HKY + I for c-mos). The tree prior used the Birth and Death Process,
with a UPGMA generated starting tree and the auto optimize
option for operators. We performed two independent runs of
200 million generations each sampling every 20,000th generation,
following a pre-burnin of 5000 generations. Convergence was
assessed in Tracer v. 1.5 (Rambaut and Drummond, 2007).
2.2. Ancestral area reconstructions
Localities of each terminal were coded as follows: (A) Atlantic
Forest; (B) Caatinga; (C) Cerrado; (D) Amazonia; (E) Dry Forest.
We used the method Bayesian Binary MCMC Analysis imple-
mented in RASP (Reconstruct Ancestral States in Phylogenies; Yu
et al., 2012), which allows for polytomies. Taking into account phy-
logenetic uncertainty, ancestral area analyses were carried out on
500 random trees selected from the posterior distribution esti-
mated from Mr. Bayes, and information on nodes were summa-
rized and plotted as pie charts.
3. Results
3.1. Phylogenetic analyses
The analyses performed on the basis of a combined data matrix
containing 2102 bp of aligned sequences (668 variable sites) recov-
ered very similar topologies by all three methods of phylogenetic
reconstruction. Bayesian and ML analyses yielded identical trees
except for the non-monophyly of E. pictus in the ML tree, but this
alternative topology is weakly supported (BP = 39 vs. PP = 1.0;
Fig. 2). Besides, a MP consensus topology of 360 equally most par-
simonious trees (L = 2564; 597 parsimony-informative characters;
CI = 0.415; RI = 0.816) was similar to those two previous trees, with
minor differences restricted also to poorly supported nodes (not
shown). Considering this, we present the Bayesian tree here as
our preferred hypothesis, commenting on differences with ML
and MP topologies when relevant.
All methods of tree-reconstruction support the monophyly of
the genus Enyalius (node 1: PP = 1.0; BP = 100), with two major
and well-supported sister clades: Clade A (node 3: PP = 1.0;
BP = 100 in ML and 78 in MP), and Clade B (node 2: PP = 1.0;
BP = 82 in ML and 650 in MP; Fig. 2). Clade A assembles most lin-
eages restricted to south and southeastern Brazil: E. iheringii sister-
group to E. b. boulengeri (node 19: PP = 1.0; BP = 86 in ML and 650
in MP), and a clade that assembles a paraphyletic E. perditus and E.
b. brasiliensis (node 24: PP = 1.0; BPP 99). For most populations
sampled within these lineages, reciprocal monophyly was recov-
ered: E. iheringii (node 21: PP = 1.0; BPP 98) assembles two
well-supported divergent clades (node 22: PP = 1.0; BPP 93 and
node 23: PP = 1.0; BP =P 96), E. b. boulengeri (node 20: PP = 1.0;
BP = 100), and E. b. brasiliensis (node 28: PP = 1.0; BPP 99). Enya-
lius perditus is paraphyletic, and two highly supported lineages
are recognized: E. perditus 1 [node 27: PP = 1.0; BP = 100] sister
to E. b. brasiliensis (node 26: PP = 1.0; BP = 83 in ML and 650 in
MP), and E. perditus 2 [node 25: PP = 1.0; BP =P99] as its sister
clade (node 24: PP = 1.0; BPP 99; Fig. 2).
Clade B has considerably more internal structure than Clade A,
and signiﬁcant variation within some lineages. The monophyletic
Amazonian Enyalius leechii (node 4: PP = 1.0; BP = 100) was recov-
ered as the sister taxon to all remaining species of Clade B. Enyalius
bilineatus is the second lineage to diverge, and is recovered as the
sister-group to all other species from northeastern Brazil with high
support (node 5: PP = 1.0; BPP 99; Fig. 2). However, the mono-
phyly of the clade that assembles the Enyalius species from north-
eastern Brazil received low support with all methods (node 6:
PP 6 0.95 and BP 6 71). Within this radiation, two major clades
(nodes 14 and 7; Fig. 2) were recovered. Node 14 (PP = 1.0;
BP = 72 in ML and 6 50 in MP) includes a strongly-supported line-
age (node 15: PP = 1.0; BP = 100) that groups individuals of E.
bibronii (node 17: PP = 1.0; BPP 99) with a clade assembling two
specimens from localities in the state of Alagoas attributed to the
paraphyletic E. catenatus (named here as Ecat2; node 16:
PP = 1.0; BP = 100); and E. erythroceneus is recovered as the sister
taxon to these lineages (node 14; Fig. 2). Finally, node 7 represents
a highly supported radiation (PP = 1.0; BPP 94; Fig. 2) and con-
sists of two structured and internally well-supported sister clades
assembling Enyalius pictus (node 11) and all the remaining
Table 1 (continued)
Species/ID Localities and coordinates Voucher/ﬁeld/lab number mtDNA ncDNA
ND4 Cytb 16S c-mos
E. perditus 2 (Eper2) Juquitiba, SP (23550S, 47040W) MTR (IT-H 482) + + + 
Estação Biológica de Boracéia, Salesópolis, SP
(23310S, 45500W)
MTR (A1) + + + +
1Urostrophus vautieri (Uvau) Estação Biológica de Boracéia, Salesópolis, SP MTR (LG 1399) + + + +
2Anisolepis grilli (Agri) Buri, SP (23470S, 48350W) MTR (IT-H 620) + + + +
3Anisolepis longicauda (Alon) Usina Hidrelétrica Porto Primavera, Presidente
Epitácio, SP (21450S, 52060W)
MTR (LG 1370) + + + +
MZUSP = Museu de Zoologia da Universidade de São Paulo, SP, Brazil; MZUFV = Museu de Zoologia João Moojen da Universidade Federal de Viçosa, MG, Brazil;
MZUESC = Museu de Zoologia da Universidade Estadual Santa Cruz, Bahia, Brazil; UNIBAN = Universidade Bandeirantes, SP, Brasil; UFRGST = Universidade Federal do Rio
Grande do Sul; MNRJ = Museu Nacional, Rio de Janeiro; PNSC = Parque Nacional da Serra das Confusões ﬁeld series;
Field/Lab numbers: MTR: Miguel Trefaut Rodrigues (Universidade de São Paulo, São Paulo, Brazil); all vouchers in brackets are in MTR collection; acronyms are: LG:
Laboratório de Citogenética de Vertebrados, (Universidade de São Paulo, São Paulo, Brazil), MD: Marianna Dixo ﬁeld number; VXS = Vinícius Xavier Silva ﬁeld number;
JC = José Cassimiro ﬁeld number; MTJ = Mauro Teixeira Jr. Field number; MTCT = Maria Tereza Tomé ﬁeld series; USG = Gabriel Skuk ﬁeld series; ABA = Centro Experimental
Almada ﬁeld series; A = Noraly Liou ﬁeld number; IT-H/II-H = Itaberá/Ivaporã ﬁeld series.
1,2,3 Outgroup taxa.
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specimens of E. catenatus (node 8; named here as Ecat1). Mono-
phyly for E. pictus is not resolved by ML or by MP analyses, but
those alternative topologies received only low support (node 11,
Fig. 2). Within E. catenatus 1, two well-supported lineages assem-
bled specimens from different localities in the state of Bahia: a
smaller lineage with only two individuals (node 9: PP = 1.0,
BP = 99), and a larger one grouping eight specimens (node 10:
PP = 1.0; BP =P99). Lastly, E. pictus is also internally structured
by having two highly supported clades represented by node 12
(PP = 1.0; BP = 96 in ML and 88 in MP) and node 13 (PP = 1.0;
BP = 99 in ML and BP = 77 in MP; Fig. 2), despite the fact that
two adjacent localities in southern Bahia (Porto Seguro and Tranc-
oso) were recovered in different clades.
The species-tree generated in ⁄Beast is highly concordant with
the described non-coalescent analysis presented above. The excep-
tion is Clade B, with an internal structure identical to previous
analyses except for the relationships between E. bilineatus, E. ery-
throceneus and the clade composed of E. pictus and E. catenatus,
but this alternative topology was weakly supported (PP = 0.37
and 0.38; Fig. 3).
3.2. Bayesian estimates of divergence times
Independent runs under concatenated (Beast) and multilocus
approaches (⁄Beast) yielded similar estimations of divergence
times for Enyalius (Table 2). The Enyalius crown age is estimated
for late Oligocene and was identical in the two approaches:
27.8 Mya (concatenated) and 27.83 Mya (multilocus). A similar
result was obtained for Clade B, with a recovered crown age of
around 25 Mya. Estimates for the origin of Clade A are younger,
with diversiﬁcation dates for early to middle Miocene, around
18 Mya. An exception was E. iheringii that diverged in late Miocene
(about 5.48 Mya); all other species of Clade A diverged in the Pleis-
tocene (Table 2). In Clade B, crown ages for E. leechii, E. pictus and E.
bilineatus are dated as late Miocene; and estimates of divergence of
E. catenatus and each lineage of E. pictus are from early Pliocene,
Fig. 2. Bayesian phylogenetic tree inferred from the combined dataset (50% majority-rule consensus). Numbers above branches correspond to posterior probabilities
(P0.95)/ML bootstrap proportions (P70%), and values below branches indicate MP bootstrap proportions (P70%); hyphens (-) indicate disagreement in relationships
between Bayesian and ML topologies, and asterisks (⁄) show nodes poorly supported (PP 6 0.95 and BP 6 70%). The branch red colored in Clade B highlights the Amazonian
lineage of Enyalius. Black symbols (star, triangle and circle) indicate lineages occurring at Caatinga, Dry Forest and Cerrado domains (respectively); the remaining ones occupy
the Atlantic Forests. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
142 M.T. Rodrigues et al. /Molecular Phylogenetics and Evolution 81 (2014) 137–146
while E. bibronii and lineages of E. catenatus (E. cat 1 and E. cat 2)
were dated as Pleistocene.
3.3. Ancestral habitat reconstruction
RASP analysis provided support for the origin of Enyalius in the
Atlantic Forest biome (node 118, P = 99.85%; Supporting Material
1). Events of dispersion or vicariance were suggested to explain
the presence of populations of E. catenatus (node 65) and E. bibronii
(nodes 81 and 84) in the Caatinga, E. pictus in Dry Forests (node
74), E. bilineatus in Cerrado (node 92), and E. leechii in Amazonia
(node 96).
4. Discussion
4.1. Phylogenetic relationships, taxonomic problems, and species limits
The present study is the ﬁrst to present an explicit phylogenetic
hypothesis for species of the lizard genus Enyalius. We included all
previously admitted Enyalius taxa, which are not in complete
Fig. 3. Bayesian Inference of Species Trees (*BEAST). Clade posterior probabilities are shown below branches, and the mean times to the most recent common ancestor
(tMRCA) above branches. Blue bars on nodes represent the 95% conﬁdence intervals (see also Table 2). Clades A and B are indicated. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 2
Mean time to the most recent common ancestors (tMRCA) and lower and upper 95% conﬁdence intervals corresponding to the nodes of the concatenated (Beast) (Fig. 2) and
multilocus coalescent species tree (⁄Beast) (Fig. 3). Number of nodes corresponds to those presented in Fig. 2.
Nodes Beast ⁄Beast
tMRCA 95% HPD lower 95% HPD upper tMRCA 95% HPD lower 95% HPD upper
1 27.87 22.37 33.92 27.83 21.33 34.53
2 25.26 20.05 30.85 25.69 19.24 32.87
3 18.36 14.22 22.78 17.5 13.04 22.63
4 7.89 5.88 10.01 – – –
5 15.02 12.09 18.23 14.6* 11.25* 18.55*
6** 14 11.42 17.37 – – –
7 7.64 6.02 9.4 6.57 4.82 8.54
8 4.01 2.95 5.19 – – –
9 0.93 0.38 1.55 – – –
10 1.47 0.99 1.99 – – –
11 6.42 4.97 7.9 – – –
12 4.34 3.09 5.63 – – –
13 4.08 2.97 5.21 – – –
14 12.87 10.11 15.86 – – –
15 5.32 3.97 6.76 4.06 2.1 6.11
16 0.13 0.01 0.28 – – –
17 2.35 1.69 3.01 – – –
18 6.86 5.09 8.69 – – –
19 16.77 12.85 20.95 15.33 10.5 20.36
20 1.91 0.95 2.98 – – –
21 5.48 4.02 7.1 – – –
22 0.84 0.14 1.84 – – –
23 1.32 0.88 1.81 – – –
24 4.2 3.16 5.31 3.4 2.2 4.72
25 1.88 1.33 2.49 – – –
26 3.12 2.2 4.07 2.21 0.99 3.43
27 0.09 0.001 0.2 – – –
28 1.17 0.76 1.63 – – –
* Internal relationships between species of this node are different from those showed in Fig. 2 (see information in the text).
** Posterior probability of this node is 0, 51 in Beast analysis (see Fig. 3).
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agreement with the current taxonomic arrangement. The genus is
composed of two highly supported and deeply divergent clades
(Figs. 2 and 3) that diverged in late Oligocene and further diversi-
ﬁed around this period (Clade B: 25.26 Mya) and early Miocene
(18.36 Mya: Clade A).
Compared with it sister-group, Clade A assembles species living
in cooler climates of southern Brazil. Contrary to the present tax-
onomy, Enyalius brasiliensis is polyphyletic as E. b. boulengeri is sis-
ter to E. iheringii, whereas E. b. brasiliensis is sister to part of E.
perditus, which in turn is paraphyletic. This result supports
Etheridge’s (1969) scheme attributing full species status to E. bra-
siliensis and E. boulengeri, which we resurrect here based on our
molecular results. Thus, we can infer now that the strongly keeled
infra digital lamellae characteristic of these two species are not a
shared synapomorphy as previously supposed (Jackson, 1978),
but instead are homoplastic. Both species are distributed in adja-
cent areas of southern Brazil and are apparently allopatric
(Fig. 1). Enyalius brasiliensis extends farther south, at least to its
type locality, around Florianópolis in the state of Santa Catarina.
Except for the type specimens, no additional examples of E. brasil-
iensis have been reported from the state of Santa Catarina. We still
need to know how E. brasiliensis and E. boulengeri have approached
each other geographically, and if specimens of E. brasiliensis from
the state of Rio de Janeiro included here will group with those from
the type locality.
Geographic structure was also detected in populations attrib-
uted to E. iheringii studied by us and this pattern surely deserves
further attention. Considering that our analyses did not include
specimens from the type locality of E. iheringii (‘‘Rio Grande do
Sul’’), which most probably corresponds to the southern limit of
the species, additional molecular and morphological data, espe-
cially on individuals from its meridional distribution area, are
needed in order to test the level of differentiation between the
two clades recovered herein. Besides, the paraphyly of E. perditus
represented here by clades Eper 1 (node 27) and Eper 2 (node
25; Fig. 2), both highly supported, with the most recent common
ancestor (tMRA) estimated at 4.2 Mya (CI 3.16–5.31 Mya; Table 2),
also justify further investigation.
For Clade B, our results also showed unrecognized diversity and
additional taxonomic problems. As expected by its very peculiar
morphology, being the only species with a distinctive enlarged
supraocular and paravertebrals, strongly keeled and enlarged ven-
tral scales, and a tail 2.4% larger than snout-vent length, the mono-
phyly of Enyalius bilineatus (node 18; Fig. 2) was recovered in two
distinct well-supported (PP = 1.0; BP > 99; Fig. 2), divergent (tMRA
estimated at 6.86 [5.09–8.69] Mya; Table 2) and geographically
coherent clades, corresponding to specimens from central and
eastern Brazil. Considering that in central Brazil this species lives
in gallery forests of Cerrado and in the east it occupies the Atlantic
Forest, especially in high elevation areas, it is extremely probable
that further extensive research will ﬁnd evidence to support the
distinction of these two lineages. Enyalius bibronii, a species widely
distributed in the Caatinga of northeastern Brazil and in some
areas of the Atlantic Forest, was recovered as sister to two speci-
mens (node 15; Fig. 2) identiﬁed as E. catenatus from the state of
Alagoas (node 16; Fig. 2; Table 1), based on the keeled ventral
scales characteristic of that species. Considering that these speci-
mens render E. catenatus paraphyletic (nodes 16 and 8; Figs. 2
and 3), and that they might represent another candidate species,
they deserve careful examination along with additional samples
from the state of Alagoas. Enyalius lineages spanning north towards
the Rio São Francisco are sister to E. erythroceneus, which is
restricted to the highlands of the Chapada Diamantina in the state
of Bahia. Finally, E. pictus and specimens of E. catenatus from Bahia
were recovered as sister species (node 7; Figs. 2 and 3). Both show
internally strong genetic structure that may be indicative that
additional splitting might be required. For all cases described
above, a future morphological and molecular study under an expli-
cit phylogeographic context (underway) should better clarify the
patterns we recovered herein.
It is also interesting to mention, on the basis of chromosomal
studies available so far for Enyalius, that Clade B unites several spe-
cies in which karyotype variation was detected. Species of this
clade were found with higher diploid numbers than the basic
pleurodont Iguania karyotype of 2n = 36 (12 + 24m), as 2n = 37
(12M + 24m + 1B) or 2n = 38 (12M + 24m + 1B/2B), both in E. biline-
atus (Bertolotto et al., 2002), 2n = 38 (14m + 24m) in E. catenatus
(Bertolotto, 2006), and 2n = 46 (22M + 34m) in E. erythroceneus
(Rodrigues et al., 2006).
Recent molecular studies on lizard genera (Leposoma and Coleo-
dactylus) distributed in the same areas as Enyalius in the Atlantic
Forest central corridor also found higher diversity than previously
thought (Geurgas et al., 2008; Pellegrino et al., 2011; Rodrigues
et al., 2013; and our unpublished data), suggesting additional spe-
cies candidates. Our results reinforce the idea that a molecular
sequence-based approach is a very useful tool in overcoming
difﬁculties imposed by taxonomically complex groups in which
morphology alone failed to properly diagnose taxa. Recent herpe-
tological studies in other biomes (e.g. Geurgas and Rodrigues,
2010; Morando et al., 2007, 2013; Werneck et al., 2012; Fouquet
et al., 2012a) have reached similar conclusions.
Ultimately, the present data also show that none of the former
attempts to explain the relationships between Enyalius species
proved to be correct. Neither Enyalius bilineatus (Etheridge, 1969;
Frost et al., 2001) and Enyalius brasiliensis (Jackson, 1978) were
recovered in a basal position as previously suggested. Although
our results are based only on one nuclear marker, we consider
our topology as strong evidence that the early evolutionary history
of Enyalius implied the origin of two independent lineages (repre-
sented by Clades A and B herein), and only subsequently did E.
bilineatus and E. brasiliensis arise as part of these radiations.
4.2. Enyalius and the biogeography of the Atlantic and Amazonian
forests
Our data show that most Enyalius species are conservative in
relation to habitat preferences, being found only in or close to
shadowed forests. In the few cases in which dispersal to other
macro regions occurred (Supporting Material 1), populations
involved are still living in forested habitats: relictual dwindling
forested habitats in the Caatinga biome (E. bibronii), the gallery for-
ests of the Cerrados (E. bilineatus), or in the Dry Forests (isolated
population of E. pictus). With these exceptions, Enyalius kept forest
ﬁdelity along its history, as it never occurs in typically open Cerra-
dos or in the drier Caatingas.
Atlantic Forest and Amazonian lineages of Enyalius are not
reciprocally monophyletic. Enyalius leechii, is the unique Amazo-
nian representative of this genus. Its topological position in the
tree (Fig. 2 and 3) shows it as the sister taxa of lineages inhabiting
the northern part of the AF, the Caatinga and Cerrado biomes. Our
estimates show that the origin of this species dates to late Miocene
(7.89 Mya CI: 5.88–10.01 Mya; Table 2). However, colonization of
Amazonia from an AF ancestor most probably is much older, pos-
sibly dating to the late Oligocene (node 2, Table 2). This period
most likely corresponds to a phase of global warming that
extended from the late Oligocene to middle Miocene climate opti-
mum (Zachos et al., 2001), and correlates with Andean uplift,
among other events (Hoorn et al., 2010).
Three distinct possibilities for an interchange between Atlantic
Forest and Amazonia should be considered: through (1) northeast-
ern Brazil, (2) central Brazil, and (3) southern Brazil. However, con-
sidering that all northeastern Brazilian species of Enyalius are sister
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to E. leechii, we favor a forest contact between Amazonia and AF
throughout this area.
Leiosaurid lizards comprise the Enyaliinae (Enyalius + Urostro-
phus + Anisolepis) plus the Leiosaurinae (Wiens et al., 2012; Pyron
et al., 2013). Almost all species included in these radiations are
adapted to cool habitats (including our outgroups Urostrophus
and Anisolepis), with distributions restricted to high elevation or
high latitude regions dominated by temperatures lower than those
prevalent in northern neotropical lowland regions. It seems clear
that at some time between the end of the Oligocene and the Mio-
cene, the Enyalius radiation was split into a southern component
(Clade A) that apparently kept thermal preferences for lower tem-
peratures, and a northern one adapted to higher temperatures
(Clade B). Dispersion to Amazonia occurred in late Oligocene from
an AF ancestor, which most probably was already adapted to living
at lower latitudes at higher temperatures than those registered in
southern Brazil. Later diversiﬁcation in northeastern lineages of
Clade B of Enyalius was a subsequent Miocene event.
Former connections between AF and Amazonia have been
extensively addressed in the literature and some recent examples
indicate that these interchanges occurred recurrently at different
times. For suboscine passeriforms, Batalha-Filho et al. (2013) iden-
tiﬁed two distinct spatiotemporal pathways connecting the Atlan-
tic and the Amazonian forests: (1) old connections (middle to late
Miocene) through the current southern Cerrado and Mato Grosso,
and the transition towards the Chaco and palm savannas of Bolivia
and Paraguay; and (2) young connections (Pliocene to Pleistocene)
that possibly occurred through the Cerrado and Caatinga in north-
eastern Brazil. Leptodactylid frogs of the genus Adenomera, origi-
nally from Amazonia, entered the AF, Dry Forest and Cerrado by
the middle Miocene (Fouquet et al., 2014). This was also the period
in which the Amazonian representatives of centrolenid frogs of the
genus Vitreorana entered the AF (Castroviejo-Fisher et al., 2014),
and the approximate time of divergence between Amazonian and
AF gymnophthalmid lizards of the genus Leposoma (Pellegrino
et al., 2011). However, dispersal of the north Amazonian Adeloph-
ryne frogs to AF (23–16 Mya, Fouquet et al., 2012c) is older and
coincides with the late Oligocene – early Miocene warming,
roughly and likely at the same time AF Enyalius was dispersing in
the reverse way. Divergence between AF Dendrophryniscus and
Amazonian Amazophrynella occurred in the middle Eocene, but
diversiﬁcation of crown groups was apparently simultaneous and
occurred in the early Miocene (Fouquet et al., 2012b). These few
examples show that faunal interchanges between Amazonia and
AF lineages occurred at different times in the past and rely heavily
on the ecological requirements and former distribution of the spe-
cies involved.
Although divergence times suggest that the origin of the crown
groups in Enyalius are relatively old (early Oligocene/Miocene),
most of the peak of divergence is younger, dating from Pliocene
to Pleistocene. This is in agreement with dates estimated for dis-
tinct groups of vertebrates such as reptiles (Grazziotin et al.,
2006; Siedchlag et al., 2010), frogs (Thomé et al., 2010; Amaro
et al., 2012; Fouquet et al., 2014), birds (Patel et al., 2011), and
mammals (Costa, 2003).
Finally, it is not our intention here to present detailed analyses
of the geographic distribution of Enyalius species along the AF. Yet,
considering our data and previously published information
(Etheridge, 1969; Jackson, 1978), it is evident that its diversity is
highly structured along a south-north gradient, and that rivers
most probably have had an important role in this divergence
(Fig. 1). Enyalius catenatus 1 (clade 8; Fig. 2) is wedged between
Rio São Francisco and Rio Jequitinhonha. Likewise, Enyalius pictus
(clade 11; Fig. 2) is restricted to the area between Rio Doce and
Rio Jequitinhonha, at least in the coastal areas. Enyalius boulengeri
(clade 20; Fig. 2) occurs south of Rio Doce and north of Rio Paraiba,
and Enyalius brasiliensis (clade 28) occurs only south of Rio Paraiba.
Similarly, Enyalius bibronii (clade 17; Fig. 2) does not occur south of
Rio São Francisco. These few examples match similar cases in
which closely related AF species of small mammals, lizards, har-
vestmen, and frogs (Silva et al., 2004; Pellegrino et al., 2005;
Pinto-da-Rocha et al., 2005; Carnaval et al., 2009; Amaro et al.,
2012; Fouquet et al., 2012c) are separated by rivers. Phylogeo-
graphic studies with extensive sampling encompassing the area
of occurrence of most species of Enyalius will shed further light,
allowing for a better understanding of these patterns.
Acknowledgments
This study was supported by the Fundação de Amparo à Pesqu-
isa do Estado de São Paulo (FAPESP (2003/10335-8 and 2011/
50146-6), Conselho Nacional de Desenvolvimento Cientíﬁco e Tec-
nológico (CNPq), and partially by the Dimensions of Biodiversity
Program [FAPESP (BIOTA, 2013/50297-0), NSF (DOB 1343578),
and NASA]. The authors are grateful to IBAMA for collecting per-
mits; to S. Baroni, M. Conscistré, B. Freire, and M. Antunes for
assisting with lab work; and to D. Borges, D. Pavan, D. Vrcibradic,
F. Curcio, F. Juncá, J. Cassimiro, J. Gasparini, M.B. Souza, H. Zaher,
M.A. Freitas, M. Dixo, M.B. Martins, M. Teixeira Jr., N. Liou, R. Feio,
S. Favorito, T. Tomé, V. Verdade, and V. Xavier for tissues samples
and ﬁeldwork. Thanks also to M. Teixeira Jr. for helping with ﬁg-
ures, to Cyberinfrastructure for Phylogenetic Research (CIPRES)
for providing accessibility of computational resources used in part
of our analyses, and Mariana Morando and an anonymous reviewer
for helpful comments. M. Carvalho and M.A. Carvalho kindly
revised the idiom of the manuscript.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2014.07.
019.
References
Amaral, A., 1933. Estudos sobre lacertilios neotropicos. I. Novos gêneros e espécies
de lagartos do Brasil. Mem. Inst. Butantan 7, 51–74.
Amaro, R.C., Rodrigues, M.T., Yonenaga-Yassuda, Y., Carnaval, A.C., 2012.
Demographic processes in the montane Atlantic rainforest: molecular and
cytogenetic evidence from the endemic frog Proceratophrys boiei. Mol.
Phylogenet. Evol. 62, 880–888.
Ávila-Pires, T.C.S., 1995. Lizards of Brazilian Amazonia (Reptilia: Squamata). Zool.
Verh. Leiden. 299, 1–706.
Batalha-Filho, H., Fjeldsa, J., Fabre, P., Miyaki, C.M., 2013. Connections between the
Atlantic and the Amazonian forest avifaunas represent distinct historical
events. J. Ornithol. 154, 41–50.
Bertolotto, C.E.V., Pellegrino, K.C.M., Rodrigues, M.T., Yonenaga-Yassuda, Y., 2002.
Comparative cytogenetics and supernumerary chromosomes in the Brazilian
lizard genus Enyalius (Squamata, Polychrotidae). Hereditas 136, 51–57.
Bertolotto, C.E.V., 2006. Enyalius (Leiosauridae, Squamata): o que os dados
moleculares e cromossômicos revelam sobre esse gênero de lagartos
endêmico do Brasil. <http://www.teses.usp.br/teses/disponiveis/.../Carolina_E_
Vina_Bertolotto.pdf>.
Boulenger, G.A., 1885a. A list of Reptiles and batrachians from the Province of Rio
Grande do Sul, Brazil, sent to the Natural History Museum by Dr. H. von Ihering.
Ann. Mag. Nat. Hist 5, 191–196.
Boulenger, G.A., 1885b. Second list of Reptiles and batrachians from the Province
Rio Grande do Sul, Brazil, sent to Natural History Museum by Dr. H. von Ihering.
Ann. Mag. Nat. Hist. 5, 85–88.
Boulenger, G.A., 1885c. Catalogue of the Lizards in the British Museum (Natural
History), second ed. Trustees of the British Museum.
Castroviejo-Fisher, S., Guayasamin, J.M., Gonzalez-Voyer, A., Vilà, C., 2014.
Neotropical diversiﬁcation seen through glassfrogs. J. Biogeogr. 41, 66–80.
Carnaval, A.C., Hickerson, M.J., Rodrigues, M.T., Haddad, C.F.B., Moritz, C., 2009.
Stability predicts genetic diversity in the Brazilian Atlantic Forest hotspot.
Science 323, 785–789.
Costa, L.P., 2003. The historical bridge between de Amazon and the Atlantic forest of
Brazil: a study of molecular phylogeography with small mammals. J. Biogeogr.
30, 71–86.
M.T. Rodrigues et al. /Molecular Phylogenetics and Evolution 81 (2014) 137–146 145
Crawford, A.J., 2003. Huge populations and old species of Costa Rican and
Panamanian dirt frogs inferred from mitochondrial and nuclear gene
sequences. Mol. Ecol. 12, 2525–2540.
Drummond, A.J., Suchard, M.A., Xie, D., Rambaut, A., 2012. Bayesian Phylogenetics
with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973.
Duméril, A.M.C., Bibron, G., 1837. Erpétologie Générale ou histoire naturelle
complete des Reptiles. Paris. Librairie Encyclopédique de Roret, vol. 4, 571pp.
Etheridge, R., 1969. A review of the lizard genus Enyalius. Bulletin of the British
Museum (Natural History). Zoology 18, 233–260.
Fetzner, J., 1999. Extracting high-quality DNA from shed reptiles skins: a simpliﬁed
method. Biotechniques 26, 1052–1054.
Fitzinger, L., 1826. Neue Classiﬁcation der Reptilien nach ihren natürlichen
Verwandtschaften. Wien. Viii+ 66pp.
Frost, D.R., Etheridge, R.E., Janies, D., Titus, T.A., 2001. Total evidence, sequence
alignment, evolution of polychrotid lizards, and a reclassiﬁcation of the Iguania
(Squamata: Iguania). Am. Mus. Novit. 3343, 1–38.
Fouquet, A., Noonan, B.P., Rodrigues, M.T., Pech, N., Gilles, A., Gemmell, N.J., 2012a.
Multiple quaternary refugia in the eastern Guiana Shield revealed by
comparative phylogeography of 12 frog species. Syst. Biol. 61, 461–489.
Fouquet, A., Recoder, R., Teixeira, M., Cassimiro Da Silva, J., Amaro, R.C., Camacho, A.,
Damasceno, R., Carnaval, A.C., Moritz, C., Rodrigues, M.T., 2012b. Phylogenetic
relationships among Dendrophryniscus spp. with redeﬁnition of the genus and
reallocation of Rhinella (Rhamphophryne) boulengeri using DNA and
morphology. Mol. Phylogenet. Evol. 62, 826–838.
Fouquet, A., Loebmann, D., Castroviejo-Fisher, S., Padial, J.M., Orrico, V.G.D., Lyra,
M.L., Roberto, I.J., Kok, P.J.R., Haddad, C.F.B., Rodrigues, M.T., 2012c. From
Amazonia to the Atlantic forest: molecular phylogeny of Phyzelaphryninae
frogs reveals unexpected diversity and a striking biogeographic pattern
emphasizing conservation challenges. Mol. Phylogenet. Evol. 65, 547–561.
Fouquet, A., Cassini, C.S., Haddad, C.F.B., Pech, N., Rodrigues, M.T., 2014. Species
delimitation, patterns of diversiﬁcation and historical biogeography of the
Neotropical frog genus Adenomera (Anura, Leptodactylidae). J. Biogeogr. 41,
855–870.
Grazziotin, F.G., Monzel, M., Echeverrigaray, S., Bonatto, S.L., 2006. Phylogeography
of the Bothrops jararaca complex (Serpentes: Viperidae): past fragmentation
and island colonization in the Brazilian Atlantic forest. Mol. Ecol. 15, 3969–
3982.
Geurgas, S.R., Rodrigues, M.T., Moritz, C., 2008. The genus Coleodactylus
(Sphaerodactylinae, Gekkota) revisited: a molecular phylogenetic perspective.
Mol. Phylogenet. Evol. 49, 92–101.
Geurgas, S., Rodrigues, M.T., 2010. The hidden diversity of Coleodactylus
(Sphaerodactylinae), revealed by molecular data. Mol. Phylogenet. Evol. 54,
583–593.
Haffer, J., 1969. Speciation in Amazonian forest birds. Science 165, 131–137.
Heled, J., Drummond, A.J., 2010. Bayesian inference of species trees from multilocus
data. Mol. Biol. Evol. 27, 570–580.
Hoorn, C., Wesselingh, F.P., ter Steege, H., Stadler, T., Sanmartín, I., Sanchez-
Meseguer, A., Anderson, C.L., Jaramillo, C.M., Bermudez, C., Figueiredo, J.D., Riff,
F.R., Negri, H., Hooghiemstra, J., Lundberg, T., Sarkinen, A. Mora, Antonelli, A.,
2010. Amazonia through time: Andean uplift, climate change, landscape
evolution and biodiversity. Science 330, 927–931.
Hillis, D.M., Bull, J.J., 1993. An empirical test of bootstrapping as a method for
assessing conﬁdence in phylogenetic analysis. Syst. Biol. 42, 182–192.
Huelsenbeck, J.P., Ronquist, F., 2001. MrBayes: Bayesian inference of phylogeny.
Bioinformatics 17, 754–755.
Ihering, H., 1898. Contributions to herpetology of São Paulo, Brazil. Proc. Acad. Nat.
Sci. Philad. 49, 102.
Jackson, J.F., 1978. Differentiation in the genera Enyalius and Strobilurus (Iguanidae):
implications for Pleistocene climatic changes in eastern Brazil. Arquivos Zool.
(S. Paulo) 30, 1–79.
Lesson, R.P., 1828. Observations générales sur les reptiles recueillis dans le voyage
autour du monde pendant les années 1822 1823,1824 et 1825. in Duperrey, M.
L. I. Voyage autour du monde, execute par ordre du Roy, sur la Corvette de Sa
Majesté. La Coquile (Zoologie) 2, 1–66.
Morando, M., Avila, L.J., Turner, C.R., Sites Jr., J.W., 2007. Molecular evidence for
species complex in the patagonian lizard Liolaemus bibronii and phylogeography
of the closely related Liolaemus gracilis (Squamata: Liolaemini). Mol.
Phylogenet. Evol. 43, 952–973.
Morando, M., Avila, L.J., Perez, C.H.F., Hawkins, M.A., Sites Jr., J.W., 2013. A molecular
phylogeny of the lizard genus Phymaturus (Squamata, Liolaemini): implications
for species diversity and historical biogeography of southern South America.
Mol. Phylogenet. Evol. 66, 694–714.
Moritz, C., Patton, J.L., Schneider, C.J., Smith, T.B., 2000. Diversiﬁcation of rainforest
faunas: an integrated molecular approach. Ann. Rev. Ecol. Syst. 31, 533–563.
Myers, C.W., Rodrigues, M.T., Vanzolini, P.E., 2011. Status of early 19th-century
names authored in parallel by Wied and Schinz for south american reptiles and
amphibians, with designations of three Nomina protecta. Am. Mus. Novit. 3714,
1–21.
Nylander, J.A.A., 2004. MrModeltest v2. Evolutionary Biology Centre, Uppsala
University. <http://www.abc.se/~nylander/mrmodeltest2/mrmodeltest2.html>.
Patel, S., Weckstein, J.D., Patané, J.S.L., Bates, J.M., Aleixo, A., 2011. Temporal and
spatial diversiﬁcation of Pteroglossus aracari (Aves: Ramphastidae) in the
neotropics: constant rate of diversiﬁcation does not support an increase in
radiation during the pleistocene. Mol. Phylogenet. Evol. 58, 105–115.
Pellegrino, K.C.M., Rodrigues, M.T., Yonenaga-Yassuda, Y., Sites Jr., J.W., 2001. A
molecular perspective on the evolution of microteiid lizards (Squamata,
Gymnophthalmidae), and a new classiﬁcation for the family. Biol. J. Linn. Soc.
74, 315–338.
Pellegrino, K.C.M., Rodrigues, M.T., Waite, A.N., Morando, M., Yonenaga-Yassuda, Y.,
Sites Jr., J.W., 2005. Phylogeography and species limits in the Gymnodactylus
darwinii complex (Gekkonidae, Squamata): genetic structure coincides with
river systems in the Brazilian Atlantic Forest. Biol. J. Linn. Soc. 85, 13–26.
Pellegrino, K.C.M., Rodrigues, M.T., Harris, D.J., Yonenaga-Yassuda, Y., Sites Jr., J.W.,
2011. Molecular phylogeny, biogeography and insights into the origin of
parthenogenesis in the Neotropical genus Leposoma (Squamata:
Gymnophthalmidae): ancient links between the Atlantic Forest and
Amazonia. Mol. Phylogenet. Evol. 61, 446–459.
Pinto-da-Rocha, R., Da-Silva, M.B., Bragagnolo, C., 2005. Faunistic similarity and
historic biogeography of the harvestmen of southern and southeastern Atlantic
Rain Forest of Brazil. J. Arachnol. 33, 290–299.
Pyron, A.R., Burbrink, F.T., Wiens, J.J., 2013. A phylogeny and revised classiﬁcation of
Squamata, including 4161 species of lizards and snakes. BMC Evol. Biol. 13, 93.
Rambaut, A., Drummond, A.J., 2007. Tracer v 1.4. <http://tree.bio.ed.ac.uk/software/
tracer/>.
Rodrigues, M.T., Freitas, M.A., Silva, T.F.S., Bertolotto, C.E., 2006. A new species of
lizard genus Enyalius (Squamata, Leiosauridae) from the highlands of Chapada
Diamantina, State of Bahia, Brazil, with a key to species. Phyllomedusa 5, 11–24.
Rodrigues, M.T., Teixeira Jr., M., Recoder, R.S., Dal Vechio, F., Damasceno, R.,
Pellegrino, K.C.M., 2013. A new species of Leposoma (Squamata:
Gymnophthalmidae) with four ﬁngers from the Atlantic Forest central
corridor in Bahia, Brazil. Zootaxa (Auckland. Print) 3635, 459–475.
Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572–1574.
Siedchlag, A.C., Benozzati, M.L., Passoni, J.C., Rodrigues, M.T., 2010. Genetic
structure, phylogeny, and biogeography of Brazilian eyelidless lizards of
genera Calyptommatus and Nothobachia (Squamata, Gymnophthalmidae) as
inferred from mitochondrial DNA sequences. Mol. Phylogenet. Evol. 56, 622–
630.
Silva, J.M.C., De Sousa, M.C., Castelleti, C.H.M., 2004. Areas of endemism for
passerine birds in Atlantic Forest, South America. Global Ecol. Biogeogr. 13, 85–
93.
Stamatakis, A., 2006. RAxML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousand of taxa and mixed models. Bioinformatics 22, 2688–
2690.
Schinz, H.R., 1835. Naturgeschichte und Abbildungen der Reptilien. Schaffhausen:
Brodtmann, iv + 240 pp.
Spix, J.B., 1825. Animalia nova sive Species novae lacertarum quas in itinere per
Brasiliam annis 1818–1820 jusu et auspicious Maximilian; Josephi I. Bavariae
Regis S. Hubschmanni, Munchen, Germany.
Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5:
molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28,
2731–2739.
Teixeira, R.L., Roldi, K., Vrcibradic, D., 2005. Ecological comparisons between the
sympatric lizards Enyalius bilineatus and Enyalius brasiliensis (Iguanidae,
Leiosaurinae) from an Atlantic Rain-Forest area in southeastern Brazil. J.
Herpetol. 39, 504–509.
Thomé, M.T.C., Zamudio, K.R., Giovanelli, J.C.R., Haddad, C.F.B., Baldissera Jr., F.A.,
Alexandrino, J., 2010. Phylogeography of endemic toads and post-Pliocene
persistence of the Brazilian Atlantic Forest. Mol. Phylogenet. Evol. 55, 1018–
1031.
Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The
clustal X windows interface: ﬂexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic Acids Res. 24, 4876–4882.
Vanzolini, P.E., Williams, E.E., 1970. South American anoles: the geographic
differentiation and evolution of the Anolis chrysolepis species group (Sauria,
Iguanidae). Arquivos. Zool. (São Paulo) 19, 1–298.
Vitt, L.J., Ávila-Pires, T.C.S., Zani, P.A., 1996. Observations on the ecology of the rare
Amazonian lizard, Enyalius leechii (Polychrotidae). Herpetol. Nat. Hist. 4, 77–82.
Werneck, F.P., Gamble, T., Colli, G.R., Rodrigues, M.T., Sites Jr, J.W., 2012. Deep
diversiﬁcation and long-term persistence in the South American ‘dry diagonal’:
integrating continent-wide phylogeography and distribution modeling of
geckos. Evolution 66, 3014–3034.
Wiens, J.J., Hutter, C.R., Mulcahy, D.G., Noonan, B.P., Townsend, T.M., Sites Jr., J.W.,
Reeder, T.W., 2012. Resolving the phylogeny of lizards and snakes (Squamata)
with extensive sampling of genes and species. Biol. Lett. 6, 1043–1046.
Yu, Y., Harris A.J., He, X.J., 2012. RASP (Reconstruct Ancestral State in Phylogenies)
2.1b. <http://mnh.scu.edu.cn/soft/blog/RASP>.
Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends, rhythms, and
aberrations in global climate 65 Ma to present. Science 292, 686–693.
146 M.T. Rodrigues et al. /Molecular Phylogenetics and Evolution 81 (2014) 137–146
